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ABSTRACT
Using the Eris zoom-in cosmological simulation of assembly of a Milky Way analog,
we study the chemical enrichment of stars due to accretion of metal-enriched gas from
the interstellar medium during the Galaxy’s development. We consider metal-poor
and old stars in the Galactic halo and bulge through the use of stellar orbits, gas
density and metallicity distributions in Eris. Assuming spherically symmetric Bondi-
Hoyle accretion, we find that halo and bulge stars accrete metals at the rate of about
10−24 Myr−1 and 10−22 Myr−1, respectively, at redshifts z . 3, but this accretion
rate increases roughly a hundred-fold to about 10−20 Myr−1 at higher redshifts due
to increased gas density. Bulge and halo stars accrete similar amounts of metals at
high redshifts when kinematically distinct bulge and halo have not yet developed, and
both sets of stars encounter a similar metal distribution in the ISM. Accretion alone
can enrich main-sequence stars up to [Fe/H] ∼ −2 in extreme cases, with the median
enrichment level due to accretion of about [Fe/H] ∼ −6 to −5. Because accretion
mostly takes place at high redshifts, it is α-enriched to [α/Fe] ∼ 0.5. We find that
accretive metal enrichment is sufficient to affect the predicted metallicity distribution
function of halo stars at [Fe/H] < −5. This can hinder attempts to infer natal chemical
environment of metal-poor stars from their observed enrichment. Peculiar enrichment
patterns such as those predicted to arise from pair-instability supernovae could help
in disentangling the natal and accreted metal content of stars.
Key words: accretion, accretion disks – stars: abundances – stars: chemically peculiar
– stars: Population III – Galaxy: abundances – Galaxy: stellar content
1 INTRODUCTION
Stars are thought to preserve a chemical record of their natal
environment in their presently observed metal abundance
(Frebel & Norris 2013). This makes old, low-mass, metal-
poor stars in the Galaxy an important probe of star for-
mation at the earliest cosmological times (Frebel & Norris
2015). Stars with masses less than 1 M have lifetimes longer
than 12.7 Gyr (Maeder & Meynet 1989). As a result, stars
formed in this mass range at redshifts z > 6 can survive
until the present day. These stars probe conditions during
the formation of the Galaxy and can likely reveal proper-
ties of the earliest, metal-free, so-called Population III stars.
Some of today’s low-mass stars could themselves be Popula-
tion III (Johnson 2015) as recent simulations of the forma-
tion of Population III stars have increasingly favoured the
? E-mail: shens@astro.uio.no
view that these stars could have had masses less than 1 M
(Clark et al. 2011; Greif et al. 2011; Dopcke et al. 2013; Hi-
rano et al. 2014; Stacy & Bromm 2014; Susa et al. 2014;
Machida & Nakamura 2015; Stacy et al. 2016).
In the last few decades, significant effort has been made
to find metal-poor stars in the Galactic halo (Bond 1981;
Beers et al. 1985; Ryan & Norris 1991; Beers et al. 1992;
Carney et al. 1996; Christlieb 2003; Norris et al. 2007; Yanny
et al. 2009; Caffau et al. 2011; Keller et al. 2014) as well as in
the bulge (Howes et al. 2016; Ness & Freeman 2016; Howes
et al. 2015; Casey & Schlaufman 2015; Jacobson et al. 2015).
These surveys have revealed about 400 stars with iron abun-
dance [Fe/H] < −3 and eight stars with [Fe/H] < −7.5 to
−4.5 (Frebel & Norris 2015), based on high-resolution spec-
troscopic observations of candidate extremely metal-poor
stars. Abundances of a variety of other elements such as
lithium, carbon, magnesium, and calcium have also been
measured in these stars. None of these stars has the mini-
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mum observable metal abundance, which is set by the ca-
pabilities of spectrographs and currently corresponds to the
metal abundance of a cool red giant with Teff = 4500 K and
log g = 1.5 with observed Ca II K line strength of 20 mA˚
(Frebel & Norris 2015). Thus, no Population III star has yet
been discovered.
Still, models of galaxy formation that account for metal
production in stars and supernova-driven metal enrichment
of the interstellar medium (ISM) can be used to infer con-
straints on early star formation, including Population III
star formation, from the chemical properties of observed
metal-poor stars (Barkana & Loeb 2001; Bromm & Lar-
son 2004; Ciardi & Ferrara 2005; Glover 2005; Ripamonti
& Abel 2006; Schneider et al. 2006; Salvadori et al. 2007;
Bromm et al. 2009; Komiya et al. 2009, 2010; Schneider
et al. 2012; Bromm 2013; Frebel & Norris 2013; de Ben-
nassuti et al. 2014; Marassi et al. 2014; Hartwig et al. 2015;
Smith et al. 2015; Stacy et al. 2016; Griffen et al. 2016;
Ishiyama et al. 2016; de Bennassuti et al. 2017). For ex-
ample, Salvadori et al. (2007) derived constraints on the
typical mass of Population III stars mPopIII and the crit-
ical gas metallicity Zcr below which Population III stars
can form. They argued that non-detection of a metal-free
star constrains Zcr > 0 and mPopIII > 0.9 M. In their
model, the observed metallicity distribution function (MDF)
of metal-poor stars in the Galactic halo was well-fit by
Zcr = 10
−4 Z and mPopIII = 200 M. Schneider et al.
(2012) showed that the elemental abundance pattern of the
metal-poor star SDSS J102915+172927, which has metallic-
ity Z = 4.5 × 10−5Z and mass less than 0.8 M, can be
accounted for by the chemical yields of core-collapse super-
novae with metal-free progenitor stars having masses 20 and
35 M. By tracking the production of dust in these super-
novae, Schneider et al. (2012) argued that the existence of
SDSS J102915+172927 implied that dust cooling played an
important role in the formation of the first low-mass Popu-
lation II stars. Recently, Hartwig et al. (2015) argued that
if no metal-free star is detected in a sample of 2× 107 halo
stars then mPopIII > 0.8 M at 99% confidence level.
However, all of the above attempts at exploiting the
metal abundance properties of metal-poor stars assume that
these stars preserve the metal abundance properties of their
natal star-forming clouds. This assumption can break down
if stars are able to efficiently accrete metals from the ISM
as they orbit in the potential well of the Galaxy throughout
their lifetime. Due to their large ages, low-mass metal-poor
stars can potentially interact with a large column of ISM
gas, depending on the stellar orbits. During this time, the
ISM itself becomes increasingly enriched due to metal pro-
duction from other stars, as evidenced by the existence of an
age-metallicity relation in high-redshift galaxies (Erb et al.
2006; Maiolino et al. 2008; Rafelski et al. 2012). Accretion
of metals from this enriched ISM can pollute old metal-poor
stars, and can result in metal abundance patterns that can
be quite different from the original metal abundance pat-
terns of these stars. As a result, depending on the magni-
tude of this effect, errors can be introduced in any inference
about high-redshift star formation drawn from the chemical
properties of old metal-poor stars.
Chemical enrichment of stars due to accretion from the
ISM has been studied over the last several decades (Talbot &
Newman 1977; Alcock & Illarionov 1980; Yoshii 1981; Iben
1983; Frebel et al. 2009; Komiya et al. 2009, 2010; Johnson
& Khochfar 2011; Hattori et al. 2014; Komiya et al. 2015;
Johnson 2015). Assuming that stars accrete only when they
pass through the Galactic disk and assuming a static Galac-
tic disk with height 100 pc and density n ∼ 5 cm−3, Frebel
et al. (2009) calculated metal accretion for 474 stars using
their kinematic measurements from the Sloan Digital Sky
Survey, and concluded that accretion is generally negligible.
Komiya et al. (2009, 2010, 2015) considered metal accre-
tion of metal-poor stars in a semi-analytical galaxy forma-
tion model built on halo merger trees obtained using the ex-
tended Press-Schechter formalism and concluded that Pop-
ulation III survivors can be enriched up to [Fe/H] ∼ −5
due to accretion from the ISM. Johnson & Khochfar (2011)
used a semi-analytical model of galaxy formation built on
average halo growth histories (Boylan-Kolchin et al. 2010)
and assumptions about typical stellar orbits to consider the
accretion of metals on stars and its suppression due to stel-
lar winds. Johnson (2015) performed a similar analysis to
study the effect of radiation pressure on metal accretion and
argued that radiation pressure selectively inhibits dust ac-
cretion. This implies that stars enriched by accretion from
the ISM will show selective reduction in refractory elements,
which may explain the composition of at least some carbon-
enhanced metal-poor stars without neutron-capture element
overabundance (CEMP-no stars; Beers & Christlieb 2005;
Yoon et al. 2016, and references therein). By comparing the
metallicities of low-mass stars with different spectral types,
Hattori et al. (2014) found possible observational evidence
for metal accretion on the halo and thick-disk stars of the
Milky Way, and suggested that metal accretion could have
occurred for the stars in the satellite galaxies before they
merged into the main halo, since the velocity dispersions of
these dwarf systems are much smaller than the main pro-
genitor of the Milky Way.
Nevertheless, these studies of metal accretion by stars
simplify one or both of two important aspects of the prob-
lem. First, the dynamical and chemical evolution of the ISM
is often simplified, so that the density evolution (Bird et al.
2013) of gas in the Galactic disk and halo as well as its chem-
ical evolution (Kobayashi & Nakasato 2011; Shen et al. 2012;
Kulkarni et al. 2013; Shen et al. 2013, 2015) are neglected.
In reality, gas density not only evolves on average as (1+z)3,
but can also briefly increase accretion rates on stars during
episodes of major galaxy mergers when the Galaxy has a dis-
turbed morphology (Bird et al. 2013). Secondly, stellar orbits
are also often simplified. As the Galaxy grows in mass via
accretion and mergers, its potential well deepens and virial
velocity increases. Major mergers can have a strong effect
on stellar orbits, which can increase accretion rates for brief
periods of time (Bird et al. 2013). A large fraction of stars
in the bulge and halo can be formed in satellite progenitors
rather than the main host halo (Pillepich et al. 2015). Also,
before the Galaxy develops a distinct halo, stars that are
in the halo today can be on radial orbits and can encounter
denser-than-average gas, thus increasing the metal accretion
rates. Our aim in this work is to achieve a more realistic pic-
ture for both of these ingredients of stellar metal-accretion
models.
In this paper, we study the accretion of metals on halo
and bulge stars using the high-resolution cosmological zoom-
in simulation “Eris” (Guedes et al. 2011). Eris creates a
MNRAS 000, 1–11 (2016)
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Figure 1. Two-dimensional probability distribution functions derived from projected stellar orbits in Eris for halo (left panel) and
bulge (right panel) stars. Distances are in physical kiloparsecs (pkpc). The projection shown here is over complete stellar orbits so that
information from all redshifts (z = 0–12) is combined. For comparison, the radial scale length disk of the Milky-Way analog in Eris is
2.5 kpc at z = 0. We find that both halo and bulge stars show significantly higher incidence in the central regions of the Galaxy. As a
result, stars in the halo as well as the bulge are likely to encounter dense gas, which can enhance accretion.
Milky Way analog at z = 0 and represents a possible assem-
bly history of the Galaxy. Due to its cosmological nature,
Eris accounts for the cosmological inflow of metal-poor gas
as well as a plausible merger history of the Galaxy. Due to
its high resolution, Eris is able to evolve star particles that
represent the earliest stars on realistic orbits in an evolv-
ing galactic potential. Star formation and supernova imple-
mentations lead to the chemical evolution of the ISM. These
properties of Eris make it possible for us to investigate metal
accretion on stars as they interact with an ISM with realistic
chemical and dynamical evolution.
We describe the Eris simulation in Section 2. Section 3
details our metal-accretion model and our results are pre-
sented in Section 4. We end with a summary of our main
conclusions in Section 5.
2 THE ERIS SIMULATION
We use the high-resolution, zoom-in cosmological hydrody-
namical simulation “Eris” of a Milky Way Galaxy analog
to investigate accretion of metals onto old and metal-poor
stars. A detailed description of the Eris simulation is pro-
vided by Guedes et al. (2011). Here we briefly outline as-
pects relevant to this study. The simulation was performed
with the parallel TreeSPH code Gasoline (Wadsley et al.
2004) in a WMAP-3 cosmology (Spergel et al. 2007). The
halo has total mass Mvir = 7.9 × 1011M at z = 0, and
was chosen to have a quiet merger history with no major
merger (of mass ratio greater than 1/10) after z = 3. The
high-resolution region, centred around a Lagrangian subre-
gion of 1 Mpc on a side, contains 13 million dark matter
particles and an equal number of gas particles, for a final
dark matter and gas particle mass of mDM = 9.8 × 104M
and mSPH = 2.0 × 104M, respectively. The gravitational
softening length, G, was fixed to 120 physical pc for all
particle species from z = 9 to the present, and evolved as
1/(1 + z) from z = 9 to the starting redshift of z = 90. A
total number of 400 snapshots were taken. The time spacing
between two subsequent snapshots is about 30 Myr.
The simulation includes a uniform metagalactic UV
background (Haardt & Madau 1996), Compton cooling,
atomic cooling and metallicity-dependent radiative cooling
at T < 104 K. Star formation is modelled by stochastically
forming “star particles” out of gas that is sufficiently cold
(T < 3× 104 K) and reaches a threshold density of nSF = 5
atoms cm−3. The local star formation rate follows:
dρ∗
dt
= 0.1
ρgas
tdyn
∝ ρ1.5gas, (1)
where ρ∗ and ρgas are the stellar and gas densities, respec-
tively, and tdyn is the local dynamical time. Each star par-
ticle has an initial mass m∗ = 6000 M and represents a
simple stellar population that follows a Kroupa et al. (1993)
MNRAS 000, 1–11 (2016)
4 Shen et al.
initial mass function (IMF). Note that this IMF is also ap-
plied for the first generation of stars (Population III). In the
simulation, new star particles inherit the metallicity of their
parent gas particles. Star particles inject energy, mass and
metals back into the ISM through Type Ia and Type II SNe,
and stellar winds (Stinson et al. 2006). Eris’s high resolution
enables the development of an inhomogeneous ISM, which
allows clustered star formation and strong cumulative feed-
back from coeval supernova explosions. Large scale galac-
tic winds are launched as a consequence of stellar feedback,
which transports a substantial quantity of metals into the
circumgalactic medium and enriches the subsequent gas ac-
cretion (Shen et al. 2013). At z = 0, Eris forms an extended,
rotationally supported stellar disk with a small bulge-to-disk
ratio and a radial scale length of 2.5 kpc. The structural
properties, the mass budget in various components, and the
scaling relations in Eris are simultaneously consistent with
observations of the Galaxy (Guedes et al. 2011).
The simulation follows Raiteri et al. (1996) to model
metal enrichment from Type Ia and Type II SNe (SN Ia
and SN II). Metals are distributed to gas within the SPH
smoothing kernel, which consists of 32 neighboring parti-
cles. For SN II, metals are released as the main-sequence
progenitors die, and iron and oxygen are produced accord-
ing to the following fits to the Woosley & Weaver (1995)
yields:
MFe = 2.802× 10−4
(
m∗
M
)1.864
M, (2)
and
MO = 4.586× 10−4
(
m∗
M
)2.721
M. (3)
For SN Ia, each explosion produces 0.63 M of iron and
0.13 M of oxygen (Thielemann et al. 1986). The mass re-
turn from stellar wind feedback is computed for stars with
masses between 1 and 8 M. For each stellar particle, the
amount of stars lost as supernovae during every timestep is
computed following stellar lifetimes by Raiteri et al. (1996),
and the returned mass is calculated using the initial-final
mass relation of Weidemann (1987). The mass is distributed
to neighbouring gas particles in the same way as the SNe
feedback but with no energy injection. The returned gas
inherits the metallicity of the star particle. We adopt the
Asplund et al. (2009) solar abundance scale for the elements
other than O and Fe that are not tracked in the simulation.
It is worth noting that the simulation used a traditional
SPH formalism where metals advect with the fluid perfectly
without mixing due to microscopic motions, and this may
cause an artificially inhomogeneous chemical distribution.
Following Shen et al. (2015), to model the unresolved mixing
we post-process the simulation to assign each stellar particle
with the <intrinsic average metallicity of its 128 neighbour-
ing gas particles at the formation time. The corresponding
mixing length is generally around 50–120 pc at all redshifts.
At our star formation threshold density of 5 atoms cm−3,
this corresponds to a distance that gas can cross within the
free-fall time, assuming the typical velocity dispersion of a
molecular cloud. We have shown in Shen et al. (2015) that,
with this smoothing model, the overall chemical evolution in
Eris appears to reproduce the observed [α/Fe] as a function
of metallicity in the Milky Way. When we calculate the metal
accretion rate (see Section 3 for details), the gas properties
are also smoothed over 128 neighbours.
3 METAL-ACCRETION MODEL
In Eris, stars are represented by collisionless star particles
that are created when gas particles satisfy the temperature
and density condition described in the previous section. Each
star particle has an initial mass m∗ = 6000 M, which re-
duces with time due to stellar evolution. While we cannot
resolve individual stars with mass of the order of 1–100 M
due to unavoidable limitations imposed by numerical reso-
lution, star particles in Eris still trace the underlying gravi-
tational potential well. Therefore, we assume that these star
particles provide a fair sample of the true stellar orbits. To
calculate accretion of gas from the ISM onto stars, we as-
sume that stars follow the orbits of star particles in Eris,
and model accretion as a spherically symmetric Bondi-Hoyle
flow, given by (Hoyle & Lyttleton 1939; Bondi 1952; Shima
et al. 1985)
M˙ =
2pi(GM∗)2ρ
(v2rel + c
2
s)3/2
, (4)
where M∗ is the stellar mass, ρ is the gas density, vrel is the
relative velocity between the star and the gas, and cs is the
gas sound speed. For an ideal gas cs =
√
γkBT/µmH , where
γ is the adiabatic index, kB is the Boltzmann constant, µ
is the mean molecular weight and mH is the mass of the
hydrogen atom. For simplicity, we use a constant γ = 5/3
corresponding to an adiabatic gas, and a constant µ = 1.2,
which corresponds to primordial neutral gas. In reality ra-
diative cooling may reduce γ to a value between 5/3 and
1, photo-ionisation may decrease µ by a factor of 2. These
changes to γ and µ may alter the sound speed by at most
40%.
We consider gas accretion onto four classes of stars, two
of which are defined by age and two by intrinsic metallicity:
(1) stars formed in the first 600 Myr of the simulation and
classified as halo stars at redshift z = 0; (2) stars formed in
the first 600 Myr of the simulation and classified as bulge
stars at redshift z = 0; (3) stars with intrinsic iron abun-
dance as calculated in Eris [Fe/H] < −4 and classified as
halo stars at redshift z = 0; and (4) stars with intrinsic iron
abundance [Fe/H] < −4 and classified as bulge stars at red-
shift z = 0. We thus consider accretion onto two classes of
halo stars and two classes of bulge stars. Stars selected by
metallicity will in general have smaller ages than stars se-
lected by our age criterion. Observed low-mass metal-poor
stars lie at the intersection of the two selections. From a the-
oretical point of view, the two selections may be expected
to bracket extreme accretion scenarios, as age-selected stars
will accrete gas longer. Note that the disk, bulge, and halo
of the Eris Galaxy analog at z = 0 are determined by kine-
matic decomposition as described by Guedes et al. (2011).
Of all the Eris star particles falling in each group, we select
a uniform random sample of 2000 star particles to compute
metal accretion. Orbits of these star particles are traced to
the current epoch using 400 snapshots evenly spaced in time
with ∆t ' 30 Myr. For each star particle, we compute the av-
erage gas sound speed cs and metallicity over its 128 nearest
neighbouring gas particles (Shen et al. 2015), as described in
MNRAS 000, 1–11 (2016)
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Figure 2. Probability distribution functions (PDFs) of accreted iron abundance [Fe/H] onto stars in our sample. Purple and red
histograms show PDFs for bulge stars selected by their age and metallicity, respectively. Blue and yellow histograms show PDFs,
respectively, for age- and metallicity-selected halo stars. We find that stars in our sample can be enriched up to [Fe/H] ∼ −6 to −5
purely due to accretion. The spread in these PDFs is due to the distribution of stellar orbits and gas metallicities in the Galaxy. As a
reference, the minimum observable iron abundance is about [Fe/H] = −9.8 (Frebel & Norris 2013).
Section 2. The relative velocity vrel is the velocity difference
between the star particle and the centre-of-mass velocity of
the neighbouring gas particles. The iron or oxygen accre-
tion rate is then given by multiplying the averaged iron or
oxygen mass fraction of the neighbouring gas by the mass
accretion rate from Equation (4). Figure 1 provides a visual
impression of halo and bulge stars in Eris by showing the
two-dimensional probability distribution functions derived
from projected stellar orbits of a uniform random sample
of halo and bulge stars. (Orbits of only metallicity-selected
stars are shown.) The projection is over complete orbits so
that information from all redshifts is combined.
We assume M∗ = 0.8 M while evaluating the mass
accretion rate using Equation (4). This approximately cor-
responds to the main-sequence turnoff mass in a 12 Gyr old
stellar population. The maximum stellar mass for which a
star in our age-limited sample can survive up to the present
day is 0.99 M. The lifetime of a star with mass 0.9 M
is 15 Gyr and that with mass 0.8 M is 16.1 Gyr. Stars
selected by metallicity can have much higher mass: metal-
poor stars could form relatively recently in pristine pockets
of the ISM that are yet to be polluted by metals; such stars
can have higher mass and still survive to the present day.
Still, we find that 36% of the bulge star particles selected
by metallicity form in the first 600 Myr of the simulation
and 80% form in the first Gyr. Of the halo stars selected by
metallicity, 11% form in the first 600 Myr and 80% form in
the first 1.8 Gyr. Metal mixing in the ISM is efficient enough
that most metallicity-selected stars have large ages. We as-
sume that accreted metals are mixed in surface convective
zones with mass 3×10−3 M for M∗ = 0.8 M (Yoshii 1981;
Fujimoto et al. 1995). For a fixed convective zone mass frac-
tion, the accretion rate scales as M2∗ and the relative metal
abundance ratios [X/H] scale as M∗.
4 RESULTS
With stellar orbits and gas metallicity predictions from Eris,
and our metal accretion model described in the previous
section, we can now consider metal enrichment of halo and
bulge stars due to accretion.
4.1 Metal accretion in Eris
Figure 2 shows probability distribution functions (PDFs) of
the relative abundance values [Fe/H] of accreted iron for
the four categories of stars defined in Section 3. The four
PDFs are quite similar, perhaps surprisingly so. They peak
around [Fe/H] ∼ −6 to −5, well within the metallicity de-
tection limit of modern surveys (Frebel & Norris 2013) and
comparable to the metallicities of the most metal-poor stars
known (Caffau et al. 2011; Keller et al. 2014). This indicates
that accretion can have a significant impact on metal-poor
main-sequence stars. The four PDFs also show a consider-
able scatter—about three decades around their average val-
ues. The remarkable agreement between the four distribu-
MNRAS 000, 1–11 (2016)
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tions results from the fact that both halo and bulge stars en-
counter dense gas in the central regions of the Galaxy. This
is evident in Figure 1, which shows that both halo and bulge
stars exhibit a significantly higher incidence in the central
regions. This is understandable, as a kinematically distinct
halo and bulge do not exist in Eris at redshift z > 2, and
the last major merger of the Galaxy is at z ∼ 3. Addition-
ally, the [Fe/H] PDFs of age- and metallicity-selected sam-
ples also agree quite well, because most metallicity-selected
stars ([Fe/H] < −4) are quite old. As mentioned above,
80% of metallicity-selected halo stars were formed within
the first 1.8 Gyr of the simulation, while the same fraction
of metallicity-selected bulge stars were formed within the
first 1 Gyr. Thus, regardless of how they are selected at red-
shift z = 0, halo as well as bulge stars in our analysis accrete
to a level of [Fe/H] ∼ −6 to −5 on average.
While the four distributions in Figure 2 are remark-
ably similar, there are small differences. Age-selected bulge
stars have the highest median accretion ([Fe/H] = −4.9 with
a 68% spread of 1.7), followed by age-selected halo stars
([Fe/H] = −5.2 with a 68% spread of 1.8), and metallicity-
selected bulge stars ([Fe/H] = −5.4 with a 68% spread of
2.3). Metallicity-selected halo stars have the lowest value,
[Fe/H] = −6.0 with a 68% spread of 2.0. The age-selected
sample of bulge stars has the highest accreted metallicity,
while the metallicity-selected sample of halo stars shows
the lowest accreted metallicity. The PDFs of age-selected
halo stars and metallicity-selected bulge stars have interme-
diate values. This difference is still quite small compared to
the overall spread of the PDFs. This ordering of the PDFs
can also be understood from the small differences in ages
and orbital distribution of stars in the four samples. Age-
selected stars in our analysis are marginally older than the
metallicity-selected stars, and therefore, on an average ac-
crete metals for a longer duration, resulting in higher [Fe/H].
Likewise, bulge stars encounter marginally denser gas than
halo stars, as seen in Figure 1, which boosts the accretion
rates onto bulge stars. Our finding that metal-poor bulge
stars are generally older than metal-poor halo stars is along
the lines of previous theoretical results (White & Springel
2000; Brook et al. 2007; Tumlinson 2010). This explains the
ordering of the histograms for metallicity-selected samples
in Figure 2.
The result in Figure 2 describes accretion onto 0.8 M
main-sequence stars, but it is possible to understand how
it will change for different stellar masses. For a fixed
convective-zone mass fraction, the accreted metal abundance
[Fe/H] scales with M∗. For smaller stellar masses, the enrich-
ment levels will drop due to the reduced accretion rate and
enhanced convective layer mass. For a 0.6 M main-sequence
star, the convective zone mass increases to ∼ 10−2 M
(Yoshii 1981) while the accretion rate drops by a factor of
1.8. As a result, the histograms in Figure 2 will shift to-
wards lower values of [Fe/H] by about two decades. Old
stars with masses greater than 0.8 M will likely be on
the giant branch today. Although accretion rates of these
stars remain quite high, the resultant [Fe/H] ratios drop be-
cause of larger convective zone masses, which are of the or-
der of 10−1 M for giants (Yoshii 1981). In this case the
histograms in Figure 2 will shift towards lower values of
[Fe/H] by almost three decades. Figure 2 thus presents as
extreme case. Negative feedback from processes such as stel-
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Figure 3. Evolution of the metal-accretion rate in our four sam-
ples of stars. Solid curves show the median values and shaded
regions show 68% scatter around the median. Blue and yellow
curves and shaded regions describe properties of halo stars se-
lected by age and metallicity, respectively. Bulge stars selected
by age and metallicity are described, respectively, by purple and
red curves. The sudden drop in the accretion rates onto halo stars
at z ∼ 3.1 is associated with the last major merger of the galaxy.
lar winds and radiation feedback may also reduce accretion
(Johnson 2015; Johnson & Khochfar 2011). Our results from
Figure 2 predict marginally higher accreted metallicity than
the model of Frebel et al. (2009). Our results are closer to
the extreme model of Frebel et al. (2009), in which it is as-
sumed that the stars pass once through a dense cloud with
density n ∼ 103 cm−3. This difference is mainly because
the gas density increases quite rapidly towards high red-
shift, while Frebel et al. (2009) only consider accretion from
a static gas disk with height 100 pc and density n ∼ 5 cm−3.
The median accreted [Fe/H] in their fiducial model is about
−7. This increases to −5 in their extreme model. The lat-
ter value is closer to the median values of all four samples
of stars in Figure 2. Our median values are in agreement
with predictions by Komiya et al. (2015) obtained from a
semi-analytical galaxy formation model built on halo merger
trees.
4.2 Understanding metal-accretion rates
In order to understand the stellar metal-accretion levels
in our model, Figures 3 and 4 show the evolution of var-
ious relevant quantities in Eris for the four samples of
stars considered. Figure 3 shows the evolution of the metal-
accretion rate of iron. Yellow and blue curves correspond the
metallicity- and age-selected samples, respectively, of halo
stars. Red and purple curves correspond to bulge stars. Solid
curves show the evolution of the median value; shaded re-
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Figure 4. Evolution of various quantities in Eris: (a) gas density; (b) radial distance of stars from centres of mass of respective host halos;
(c) stellar relative velocity with respect to the gas; (d) gas sound speed; (e) gas iron abundance [Fe/H]; (e) gas oxygen abundance [O/H].
Gas densities, sound speed, and metal abundances refer to gas along stellar orbits. In each panel, solid curves show median quantities
and shaded regions show 68% scatter around the median. Blue and yellow curves and shaded regions describe properties of halo stars
selected by age and metallicity, respectively. Bulge stars selected by age and metallicity are described, respectively, by purple and red
curves. In panel (a), the black curve shows the average gas density within the virial radius. Brown dot-dashed, dashed, and solid curves
in this panel show evolution of density averaged within 25, 2, and 0.5 pkpc from the centres of mass of progenitor haloes of the Eris
Milky Way. In panel (c), the brown dashed curve shows the evolution of the circular velocity vcirc at the virial radius. The black dashed
curve in this panel shows the evolution of the maximum rotational velocity vmax. Densities and velocities are in physical units.
gions in corresponding colours show ranges of 68% scatter
around the medians. We see that the average metal accre-
tion rate increases as we go towards higher redshifts. All
four categories of stars have very similar accretion rates at
redshifts z > 3. It is only at lower redshifts (z < 3), after
the last major merger of the Eris Milky Way, that halo and
bulge stars kinematically separate with halo stars occupy-
ing regions with low gas density and therefore low accretion
rates. The average metal accretion rate at high redshifts is
about 10−20 Myr−1. By z = 0, this drops by two orders of
magnitude for bulge stars and by four orders of magnitude
for halo stars. Note that the difference between the metal
accretion rates of age- and metallicity-selected stars is rela-
tively small. This is simply because our metallicity-selected
samples are also predominantly composed of old stars, as
explained above.
The relatively high values of accretion rates at high red-
shift are driven by the gas density evolution. This is evident
in panel (a) of Figure 4, which shows the evolution of the av-
erage physical density of gas along the stellar orbits in each
of our four samples. The difference between the four curves
is along the lines of what we expect—metallicity-selected
halo stars encounter the lowest gas density, while the age-
selected bulge stars encounter the highest gas density. This
difference explains the trends in the accretion rates shown
in Figure 3 as well as in the histograms of accreted [Fe/H] in
Figure 2. The black curve in panel (a) shows the evolution
of the average density within the virial radius of the halo.
The virial density evolves at (1+z)3. A comparison between
the virial density curve and the median gas density curves
shows that the density of gas encountered by stars in our
samples grows roughly as (1 + z)3 from redshift z = 0 to 6,
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and then drops because the halo turns around. Importantly,
the stars in our samples encounter a significantly higher gas
density than the virial density as both halo and bulge stars
are centrally concentrated compared to the virial radius, as
in Figure 1. This can be understood further with help from
the brown dot-dashed, dashed, and solid curves in panel (a)
of Figure 4. These curves show the average gas density in
Eris within 25, 2, and 0.5 physical kpc (pkpc), respectively.
At high redshifts, z > 3, almost all stars in all four of our
samples are interacting with gas within in the inner 2 pkpc
of the progenitor haloes of the Milky Way. This gas density
is considerably higher than the gas density assumed in previ-
ous works (cf. Frebel et al. 2009; Johnson & Khochfar 2011),
which results in the high metal accretion seen in Figure 2.
This picture is reinforced by panel (b) of Figure 4, which
shows the evolution of the radial distribution of the stars in
our four samples. The solid curves in this panel show the
radial distance of stars from centres of mass of respective
host halos with the scatter represented by the shaded areas.
All four samples of stars are quite centrally concentrated.
The halo stars generally have larger radial separations than
the bulge stars, which explains the density trends seen in
panel (a).
In panel (c), Figure 4 shows the evolution of the rela-
tive velocity of stars with respect to ambient gas. The veloc-
ity decreases with increasing redshift due to the decreasing
halo mass. This also increases the accretion rate. While ac-
cretion rates at high redshift are enhanced by increased gas
density and reduced velocities, the gas metallicity evolution
restricts the enhancement. The brown dashed curve in this
panel shows the evolution of the circular velocity vcirc at
the virial radius, while the black dashed curve shows the
evolution of the maximum rotational velocity vmax in the
main progenitor halo of the Eris galaxy. Stars in all four
samples tend to have lower velocity than vmax, as the ro-
tation curve drops at small radii. The stellar velocities can
also be compared with the evolution of the gas sound speed,
which is shown in panel (d). The sound speed decreases to-
wards higher redshift with reduced gas temperature. Pan-
els (e) and (f) of Figure 4 show the evolution of the iron
and oxygen abundances of the gas along orbits of stars in
our four samples. There is a metallicity gradient in the ISM
with most metal-enriched gas present near the center of the
halo. This metallicity gradient is also seen in other simula-
tions of the Galaxy’s assembly (e.g., Stinson et al. 2013). As
a result, bulge stars accrete relatively more metal-rich gas
compared to halo stars. The metallicity of gas around bulge
stars evolves from [Fe/H] = −1.5 at z ∼ 10 to [Fe/H] = 0.0
at z = 0. The oxygen abundance evolves from [O/H] = −1.0
to [O/H] = 0.1 in this redshift range. The metallicity of
gas around halo stars is lower by about 0.7. The resultant
α-enhancement of ISM gas at high redshift by about 0.5 rel-
ative to low redshifts is seen in panel (e) of Figure 4, which
shows the evolution of [O/Fe].
Figure 5 shows the resultant [O/Fe] ratio at z = 0 due
to accretion in the four classes of stars considered here, as
a function of the accreted [Fe/H]. This α-enhancement is
shown in comparison with observed [α/Fe] ratios from disk
and halo stars in the Galaxy (Fulbright 2000; Reddy et al.
2003, 2006; Cayrel et al. 2004; Simmerer et al. 2004; Venn
et al. 2004; Barklem et al. 2005; Mishenina et al. 2013; Roed-
erer et al. 2014). The accreted [O/Fe] ratios are in agree-
−10 −8 −6 −4 −2 0
[Fe/H]
−0.2
0.0
0.2
0.4
0.6
[O
/F
e]
halo (age-selected)
halo (metallicity-selected)
bulge (age-selected)
bulge (metallicity-selected)
Figure 5. Median α-enhancement [O/Fe] of accreted gas by stars
in the four samples considered in this paper (solid curves) and
68% scatter around the median (shaded regions). Blue and yel-
low curves and shaded regions describe properties of halo stars
selected by age and metallicity, respectively. Bulge stars selected
by age and metallicity are described, respectively, by purple and
red curves. Open circles show [α/Fe] measurements for halo and
disk stars from the compilation by Shen et al. (2015). There is a
good agreement between the [α/Fe] for iron-poor stars and the
accreted gas in our model.
ment with the [O/Fe] ratios seen in the most metal-poor
stars (see also Puzia et al. 2006). At iron abundances of
[Fe/H] > −1 the observed [O/Fe] drops sharply to less than
∼ 0.2, signalling the effect of SN Ia (Tinsley 1979). The
accreted α-enhancements are much higher. The reason is
clear from Figure 3—stars in all four of our samples accrete
most of their metals at high redshifts before SN Ia start
playing an important role. Thus, most accreted gas is α-
enhanced (cf. panels (e) and (f) of Figure 4). This also tells
us that measurements of [α/Fe] will not help in separating
stars with intrinsic metal enrichment from stars that have
accreted their metals. Perhaps the only way to disentangle
these stars would be to observe a peculiar enrichment pat-
tern that is unlikely to exist in the low-redshift ISM, such as
the enhanced [Si/C] ratio or the large contrast between the
abundances of odd and even element pairs that is predicted
for pair-instability supernovae (Heger & Woosley 2002; Aoki
et al. 2014).
4.3 Effect of accretion on the MDF
Most models of Galactic chemical enrichment—including
our base Eris simulation—assume that enrichment of stars
due to accretion of gas from the ISM is negligible. In Fig-
ure 6 we consider the error incurred due to this assumption.
Black symbols in this figure show the measured metallicity
distribution function (MDF) as compiled by de Bennassuti
et al. (2017), shown here as a probability distribution func-
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tion. The green histogram shows the MDF of halo stars from
Eris without any correction due to accretion. This histogram
refers to the intrinsic metallicity of halo stars in Eris. The
red histogram in Figure 6 shows how the black histogram
is modified when accretion is taken into account. In each
[Fe/H] bin, stars are added from lower metallicity bins by
gaining excess [Fe/H] due to accretion, in proportion to the
PDF derived in Figure 2. Similarly, each [Fe/H] bin loses
stars to higher metallicity bins due to accretion. Only the
metallicity-selected sample of halo stars (which has stars
that have [Fe/H] < −4 at z = 0) is used for this purpose.
The predicted MDFs agree quite well with observations.
As described in previous sections, enrichment due to
accretion is small ([Fe/H] ∼ −6 to −5 on average). There-
fore, accretion affects only the metal-poor tail of the MDF;
the MDF at high metallicities remains unmodified. How-
ever, the effect on the MDF at [Fe/H] < −5 is considerable,
suggesting that a large fraction of metal-poor stars in this
regime could be potentially enriched due to accretion. This
is emphasised by the bottom panel of Figure 6, which shows
the ratios of the uncorrected and corrected MDFs from the
top panel. Accretion truncates the low-metallicity end of
the MDFs to about [Fe/H] = −7. Metal abundance mea-
surements of these stars would then contain little or no in-
formation about the chemistry of their natal environments,
thus affecting any inference of the Population III IMF from
these stars (e.g., Salvadori et al. 2007; Schneider et al. 2012;
Hartwig et al. 2015; de Bennassuti et al. 2017). It should also
be noted that accretion may change the relative abundances
of elements by a greater degree than the absolute abundance
of a single element. Johnson (2015) has proposed that if stars
do indeed accrete metals from the ISM, then radiation pres-
sure would selectively inhibit accretion of dust grains. As
a result, if most metal enrichment in these stars is due to
accretion, then refractory elements such as iron would ap-
pear to be selectively depleted. This pattern of metal enrich-
ment is tantalizingly similar to that seen in carbon-enhanced
metal poor (CEMP) stars (Beers & Christlieb 2005; Yoon
et al. 2016, and references therein). Seven of the eight stars
with [Fe/H] < −4.5 are carbon-enhanced. The one star with
low carbon abundance (Caffau et al. 2011) could still be
a CEMP star with a carbon abundance that is yet to be
detected, possibly because of the limited spectral S/N and
warm temperature.1 The argument of Johnson (2015) would
then suggest that the known metal-poor stars have been en-
riched mostly by accretion of metals from the ISM. This is
in good agreement with what we find in Figure 6.
5 CONCLUSIONS
We have studied the chemical enrichment of stars due to
accretion of metal-enriched gas from the ISM during the
Milky Way’s development, using the Eris zoom-in cosmo-
logical simulation of assembly of a Milky Way analog. We
considered metal-poor and old stars in both the Galactic
halo and bulge and make use of the stellar orbits and gas
density and metallicity distributions predicted by Eris.
1 This is the case, for instance, for the Group II CEMP-no stars
G64-12 and G64-37, which were not recognised as CEMP until
extremely high S/N spectra were obtained (Placco et al. 2016).
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Figure 6. The metallicity distribution function (MDF) of halo
stars in Eris simulation with (red curve) and without (green
curve) accounting for metal accretion by stars from the ISM. The
data points from the compilation by de Bennassuti et al. (2017).
The blue curve in the lower panel shows the ratio of the two
MDFs, illustrating the truncation of the low-metallicity tail of
the MDF due to accretion.
Our main conclusion is that both halo and bulge stars
accrete metals from the ISM and, in extreme cases, can reach
enrichment levels of [Fe/H] ∼ −2 due to accretion alone.
The median enrichment level is about [Fe/H] ∼ −6 to −5
for age- as well as metallicity-selected stars in both the halo
and bulge. There is little difference in the accreted enrich-
ment levels of the four classes of stars, although metallicity-
selected halo stars tend to accrete the least amount of met-
als. Metal-poor bulge stars are generally older than metal-
poor halo stars. As a result, bulge stars show a marginally
higher degree of effect of accretion. Halo and bulge stars ac-
crete metals at the rate of about 10−24 Myr−1 and 10−22
Myr−1, respectively, at redshifts z . 3, but this accre-
tion rate increases a hundred-fold to about 10−20 Myr−1
at higher redshifts due to increased gas density. The drop
in accretion rates with time is mainly because of decreasing
gas density. Bulge and halo stars accrete similar amounts of
metals at high redshifts as kinematically distinct bulge and
halo are not yet developed at these redshifts and both sets
of stars encounter similar metal distribution in the ISM on
average.
Because accretion mostly takes place at high redshifts,
it is α-enriched to [α/Fe] ∼ 0.5. This is comparable to the
α-enrichment levels seen in the most metal-poor stars. It
also means that α-enrichment does not act as a discrimi-
nant between intrinsically and extrinsically enriched stars.
Accretive metal enrichment is sufficient to change the pre-
dicted MDF of halo stars at [Fe/H] < −5. This suggests
that attempts to infer the natal chemical environment of
the most metal-poor stars from their observed enrichment
today can be hindered due to metal accretion. Our analy-
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sis assumes a stellar mass of 0.8 M. Accreted metal en-
richment level drops rapidly at smaller stellar masses due
to decreasing accretion rates and increased convective zone
masses. This, faint dwarfs will be more likely to probe the
first generation of stars. Peculiar enrichment patterns such
as those predicted to arise from pair-instability supernovae
could help in disentangling natal and accreted metal content
of stars (Aoki et al. 2014). Most stars are rich in oxygen and
carbon with [O/H] < −3.2 and [C/H] < −3.5. The accreted
gas in our model only has [O/Fe] = 0.5. Therefore, although
the iron abundance is significantly enhanced by accretion
the abundance in elements such as C and O should still
remain unchanged and could be useful in probing Popula-
tion III. Also, our findings suggest that lowest-metallicity
Damped Lyman-α Systems (Erni et al. 2006; Salvadori &
Ferrara 2012; Cooke et al. 2012; Kulkarni et al. 2013) would
provide an important cross-check for Population III yields
inferred from metal-poor stars.
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